The effect of the addition of trimethylamine N-oxide (TMAO) in the growth medium on Escherichia coli anaerobic fermentative and respiratory pathways was examined. Formate dehydrogenase H (FDH-H) activity was totally repressed by the addition of 40 mM TMAO, whereas the overall hydrogenase (HYD) activity was reduced by 25%. Accordingly, expression of lac2 operon fusions with the MhF and hycB structural genes specifying FDH-H and HYD3 was reduced sevenfold and eightfold, respectively, leading to suppression of an active formate hydrogenlyase system. In contrast, global respiratory formate-dependent phenazine methosulphate reductase (FDH-PMS) activity, which consists of both the major anaerobic FDH-N enzyme and the aerobic FDH-2 isoenzyme, was increased approximately twofold. This was corroborated by a 2.5-fold stimulation of the sole HoG-uidA transcriptional fusion which reflects the synthesis of the respiratory aerobic FDH-2 enzyme. In MhD, fdhE or torA mutants lacking either FDH-PMS activity or TMAO reductase (TOR) activity, the formate hydrogenlyase pathway was no longer inhibited by TMAO. In addition, introduction of 30 mM formate in the growth medium was found to relieve the repressive effect of TMAO in the wild-type strain. When TMAO was added as terminal electron acceptor a significant enhancement of anaerobic growth was observed with the wild-type strain and the fdoG mutant. It was associated with the concomitant suppression of the formate hydrogenlyase enzymes. This was in contrast to the fdnG and torA mutants whose growth pattern and fermentative enzymes remained unaffected. Taken together, these results strongly suggest that formate-dependent reduction of TMAO via FDH-N and TOR reduces the amount of formate available for induction of the formate hydrogenlyase pathway.
The effect of the addition of trimethylamine N-oxide (TMAO) in the growth medium on Escherichia coli anaerobic fermentative and respiratory pathways was examined. Formate dehydrogenase H (FDH-H) activity was totally repressed by the addition of 40 mM TMAO, whereas the overall hydrogenase (HYD) activity was reduced by 25%. Accordingly, expression of lac2 operon fusions with the MhF and hycB structural genes specifying FDH-H and HYD3 was reduced sevenfold and eightfold, respectively, leading to suppression of an active formate hydrogenlyase system. In contrast, global respiratory formate-dependent phenazine methosulphate reductase (FDH-PMS) activity, which consists of both the major anaerobic FDH-N enzyme and the aerobic FDH-2 isoenzyme, was increased approximately twofold. This was corroborated by a 2.5-fold stimulation of the sole HoG-uidA transcriptional fusion which reflects the synthesis of the respiratory aerobic FDH-2 enzyme. In MhD, fdhE or torA mutants lacking either FDH-PMS activity or TMAO reductase (TOR) activity, the formate hydrogenlyase pathway was no longer inhibited by TMAO. In addition, introduction of 30 mM formate in the growth medium was found to relieve the repressive effect of TMAO in the wild-type strain. When TMAO was added as terminal electron acceptor a significant enhancement of anaerobic growth was observed with the wild-type strain and the fdoG mutant. It was associated with the concomitant suppression of the formate hydrogenlyase enzymes. This was in contrast to the fdnG and torA mutants whose growth pattern and fermentative enzymes remained unaffected. Taken together, these results strongly suggest that formate-dependent reduction of TMAO via FDH-N and TOR reduces the amount of formate available for induction of the formate hydrogenlyase pathway.
INTRODUCTION
The facultative anaerobe Escherichia coli exhibits a remarkable flexibility to adapt to different growth conditions and to derive energy from anaerobic growth using a variety of electron transfer processes. Organic substrates are oxidized by passing the electrons to any of a number of terminal electron acceptors like nitrate and trimethylamine N-oxide (TMAO) (Gennis & Stewart, 1996) . Formate produced from the anaerobic cleavage of t pyruvate by pyruvate-formate lyase can be metabolized by distinct routes. In the absence of exogenous electron acceptors, it is converted to carbon dioxide and dihydrogen by the fermentative formate hydrogenlyase complex. This pathway located on the inner side of the cytoplasmic membrane includes a formate dehydrogenase called FDH-H ( H for hydrogen), one of the three hydrogenase isoenzymes synthesized in anaerobic cells, termed HYD3, and two electron carriers (Bock & Sawers, 1996) . The fdhF structural gene encodes the FDH-H selenopolypeptide (Zinoni et al., 1986) and the hyc operon directs the synthesis of nine gene products which include the other structural components of the formate hydrogenlyase complex (Sauter et al., 1992; Rossmann et al., 1995) . Expression of these genes is inducible under fermentative growth conditions and repressed by oxygen and nitrate. Transcription is activated by the transcriptional regulator FhlA which responds to the intracellular concentration of formate (Rossmann et a/., 1991) .
In the presence of nitrate, the membrane-bound formatenitrate respiratory chain is induced. This protontranslocating pathway is constituted by a second formate dehydrogenase (FDH-N, N for nitrate) and a nitrateinduced anaerobic terminal nitrate reductase (NAR-A) linked by a quinone (Gennis & Stewart, 1996) . The fdnGHZ and narGHJZ operons encoding FDH-N and NAR-A, respectively, have been cloned and sequenced Sodergren & DeMoss, 1988 ; Blasco et al., 1989) . Studies of transcriptional regulation have established that their expression is dependent on anaerobiosis and nitrate but not on formate (Stewart, 1993) .
A second formate-nitrate respiratory pathway has been subsequently identified, which is composed of two immunologically related isoenzymes of FDH-N and NAR-A, termed FDH-Z and NAR-Z, respectively (Pommier et al., 1992; Iobbi-Nivol et al., 1990) . The corresponding fdoGHZ and narZY WV structural genes have been isolated and found to bear strong identity (around 70%) with the fdnGHZ and narGHJl operons (Plunkett et al., 1993; Blasco et al., 1990) . However, in contrast to the major anaerobic system, this second respiratory chain is produced irrespective of the presence of oxygen and barely induced by nitrate (Iobbi-Nivol et al., 1990; Abaibou et al., 1995) . It has been proposed that such a pathway would allow the cell to adapt rapidly to anaerobiosis after a sudden shift from aerobic to anaerobic conditions in the presence of nitrate (Abaibou et al., 1995) . Two other genes, fdhD and fdhE, located in the close vicinity of the fdoGHZ cluster, are likely to act post-translationally in the formation of both active respiratory FDH enzymes (Schlindwein et a[., 1990; Pommier et al., 1992; Stewart et al., 1991) .
TMAO can also be used by E. coli as electron acceptor for anaerobic respiration (Barrett & Kwan, 1985) . Reduction of TMAO is catalysed by two wellcharacterized molybdoenzymes, a membrane-bound constitutive enzyme, called DMSO reductase and a periplasmic inducible enzyme, called TMAO reductase (TOR) Silvestro et al., 1989) . In both cases, enzyme synthesis requires anaerobic growth conditions, but whereas expression of DMSO reductase and the corresponding dmsABC operon is repressed by nitrate, that of TOR and the relevant torCAD operon is not subjected to this hierarchical control Pascal et al., 1984) . Recently TMAO induction of torCAD operon expression has been demonstrated to be mediated via a two-component system, including the response regulator protein TorR and the sensor protein Tors, and able to interact with a periplasmic inducer-binding protein called TorT (Simon et al., 1994; Jourlin et al., 1996a, b) .
Expression of the anaerobic electron transport pathways in response to the energetically more favourable substrate nitrate has been studied extensively (Stewart, 1993) . In contrast, little is known about the effect of TMAO addition on the synthesis of anaerobic systems. In this study we examined the influence of the presence of TMAO in the growth medium on the expression of formate hydrogenlyase and formate-nitrate reductase enzymic components and genes. We present evidence that metabolism of TMAO is essential for the severe repression of the formate hydrogenlyase complex in lowering the internal concentration of the inducer formate.
METHODS
Bacterial strains and plasmids. E. cofi K-12-derived strains and plasmids used in this study are listed in Table 1 . Derivative HA58 carrying the fdnG mutation was obtained using a Plcmf lysate grown on strain VJSl224 (fdnG : : MudII1734) (Berg & Stewart, 1990) to transduce strain MC4100 according to Miller (1992) .
Media and growth conditions. Cells were grown aerobically on Luria-Bertani (LB) liquid or solid medium (Miller, 1992) . Antibiotics were used at the following final concentrations: ampicillin (100 pg ml-l), chloramphenicol (20 pg ml-l) or kanamycin (50 pg ml-l). When required, TMAO and formate were added at 40 mM and 30 mM, respectively.
For enzyme assays, bacterial strains were grown anaerobically at 37 "C in Tryptone Yeast Extract Phosphate (TYEP) medium (g 1-l: tryptone, 10; yeast extract, 5 ; K, HPO, , 12; KH, PO, , 3) adjusted to p H 6.5 (Begg et af., 1977) , supplemented with sodium selenite (2 pM) and ammonium molybdate (2 pM). For the measurement of p-galactosidase and p-glucuronidase activities, bacteria were grown to mid-exponential phase in undisturbed 25 ml screw-cap tubes. Analysis of anaerobic metabolism enzymes was performed after growth of cells in 500 ml bottles filled almost to the top, inoculated with 2.5 ml of overnight cultures grown in the same medium and tightly stoppered to maintain anaerobiosis. Cell samples were periodically collected to monitor OD,,, using a Kontron Uvikon 930 spectrophotometer.
Enzyme assays. Cell were washed twice and resuspended in 50 mM sodium/potassium phosphate buffer, p H 6.8, as previously described (Wu & Mandrand-Berthelot, 1986 ).
FDH-H, HYD, FDH-N and NAR were measured spectrophotometrically as described previously (Wu & Mandrand- j?-Galactosidase and /I-glucuronidase activities were assayed in chloroform/SDS-permeabilized cells, according to the procedure described by Miller (1992) .
RESULTS A N D DISCUSSION
Effect of TMAO on the activity of anaerobic formate metabolism enzymes
The effect of supplementing anaerobic growth medium with TMAO was examined on the formate-degrading pathways in wild-type strain MC4100. The activity of the first component of the formate hydrogenlyase pathway, FDH-H, was totally abolished and the overall HYD activity was reduced 25% compared with levels observed without TMAO ( Table 2 ) . NAR activity was also decreased by more than twofold. In contrast, formate-dependent phenazine methosulphate reductase (FDH-PMS) activity, which consists of both FDH-N and FDH-Z isoenzymes, was stimulated by a factor of two.
As expected, addition of TMAO, an efficient inducer of TOR (Silvestro et al., 1989) , led to a strong enhancement of TOR activity, which mainly reflects the presence of the inducible TOR in addition to the constitutive DMSO reductase . Furthermore, a direct effect of trimethylamine (TMA), the reduction product of TMAO, was discarded since it was shown not to affect the basal levels of the different enzyme activities.
Effect of TMAO on the expression of anaerobically related structural genes
T o determine if the effect of TMAO is exerted at the transcriptional level on the structural genes corresponding to the above enzymes, we analysed the expression of lac2 or uidA operon fusions in the relevant genes in the presence of TMAO. As a control, expression of torA, the structural gene of the inducible TOR, was strictly dependent on the presence of its inducer TMAO under anaerobic conditions in agreement with a previous report (Pascal et al., 1984) (Table 3) (Pascal et al., 1984) . It has been previously established that expression of the frd and dms operons encoding fumarate reductase and DMSO reductase, respectively, is unaltered in the presence of TMAO (Jones & Gunsalus, 1987; Cotter & Gunsalus, 1989) . Altogether these data indicate that the effect of regulation by TMAO is confined to the fermentative pathway.
Repression by TMAO results from anaerobic metabolism of formate to TMAO
The involvement of TMAO in the repression process was further investigated by measuring enzyme activities in a set of mutants impaired in the metabolism of TMAO. In the torA mutant LCB620 values identical to those of the wild-type strain MC4100 were obtained in the absence of TMAO (Table 2) . However, when TMAO was supplied, not only were FDH-H and HYD activities not repressed, in contrast to the situation reported in the wild-type strain, but they were enhanced twofold over the basal levels found without TMAO. Similarly, we have previously observed that a series of mutations, abolishing TOR activity and located either in the mol (chl) genes required for molybdenum incorporation or in the fnr gene specifying the global activator of anaerobic respiration, led to the restoration of expression of gene fdhF, which specifies FDH-H, at the level found in the absence of TMAO (Wu & Mandrand-Berthelot, 1987) .
Moreover, in the fdhD and fdhE mutants, CS20 and CS6, lacking both FDH-N and FDH-Z activities, levels of FDH-H and HYD were only slightly reduced by the presence of TMAO in the growth medium. Nevertheless, a slight repression of the components of the formate hydrogenlyase system was particularly obvious in the fdhD mutant whose weak residual FDH-PMS activity was induced 2.5-fold in the presence of TMAO.
As expected, complementation of the fdhD and fdhE mutations by plasmids pCS.5 and pCS16 carrying the wild-type alleles corresponding restored the repression pattern to the level observed in the wild-type strain MC4100 (Table 2 ).
The intracellular concentration of formate is known to act as a unique signal for the induction of the formate hydrogenlyase genes (Rossmann et al., 1991) . An explanation for the low level or absence of repression of the formate hydrogenlyase pathway by TMAO in fdhD, fdhE or torA mutants would result from a level of formate sufficient for induction of the fdhF and hyc genes in these strains. In contrast, the presence of an alternative route for metabolism of formate to TMAO will reduce the amount of formate available for the induction of the formate hydrogenlyase system in the wild-type strain.
Relief of TMAO repression by formate
T o test this hypothesis, the effect of supplementation of the medium with 30 mM formate on the expression of fdhF : : lac2 and hycB : : lac2 fusions carried by strains FD71 and M17s, respectively, grown anaerobically with 40 mM TMAO was examined. As can be seen in Table  3 , addition of formate not only relieved the repression exerted by TMAO, but also stimulated transcription of fdhF and hycB to a level identical to that observed in the presence of formate alone, which led to a twofold enhancement with respect to the basal level. Accordingly, FDH-H and HYD activities were reliably elevated compared to normal basal levels in the wild-type strain grown in a medium containing formate in addition to TMAO (data not shown). Absence of formate metabolism in the torA mutant should lead to an excess of this compound which might explain the twofold stimulation of FDH-H and HYD activities in the presence of TMAO (Table 2) . It is unknown why mutations of the two fdhD and fdhE genes do not fully restore expression of the formate hydrogenlyase genes (Table 2) since formate should concentrate upstream of the impaired FDH-PMS isoenzymes. A side electron flux from formate to TOR may be involved. FDH-H has been shown to contribute equally with FDH-N to the transfer of electrons from formate to nitrite (Darwin et al., 1993) . Its implication in the transfer of electrons to TOR cannot be excluded.
Altogether, these results are in agreement with the view that prevention of the formation of the formate hydrogenlyase pathway by TMAO is due to a limiting internal concentration of formate. Such an explanation has already been put forward for nitrate inhibition of formate hydrogenlyase formation by Bock's group who found that the repressive effect of nitrate could be partially relieved either by adding exogenous formate or by introducing a mutation in the NAR genes (Rossmann et al., 1991) . In contrast, it should be mentioned that the two alternative anaerobic electron acceptors tested, fumarate and DMSO, had no effect on formate hydrogenlyase expression (Wu & Mandrand-Berthelot, 1987; Pecher et al., 1983) .
Growth of mutants impaired in FDH-PMS and TOR activities in the presence of TMAO
Since all these results clearly show that oxidation of formate by TMAO is responsible for the repressive effect of TMAO on the expression of the fermentative formate hydrogenlyase pathway, we wanted to assess the role of the two FDH-N and FDH-Z isoenzymes in the formate-TMAO respiratory pathway. T o this end, the fdoG mutant HA51 and the fdnG mutant HA58 were grown anaerobically in the absence or presence of TMAO and enzyme activities were measured. Strains MC4100 (wild-type) and LCB620 (torA) were included for comparison. Whereas all four strains exhibited identical growth in TYEP medium, they could be separated into two classes with respect to their behaviour in the presence of TMAO (Fig. 1) . Growth of strains MC4100 and HA51 was greatly stimulated by addition of 40 mM TMAO in the medium in contrast to that of strains HA58 and LCB620 which remained unchanged. It thus appears that FDH-N and TOR activities, both of which are present in the wild-type strain MC4100 and in the fdoG mutant HA51, are required for the in vivo transfer of electrons from formate to TMAO under anaerobic conditions. These results were further substantiated by analysis of enzyme activities in the fdoG and fdnG mutants. In the fdoG mutant HA51, which possesses the sole FDH-N isoenzyme, levels of FDH-H and HYD activities were repressed to a similar rate as that observed in the parental strain in the presence of TMAO (Table 2) . In contrast, enzymes of the formate hydrogenlyase pathway were barely affected by addition of TMAO in the fdnG mutant HA58 harbouring only the FDH-Z isoenzyme. It should also be noted that global FDH-PMS activity was stimulated by a factor of two in all strains tested except in the torA mutant LCB620 (Table 2 ). An excess of formate in this strain might explain this phenotype, since addition of formate has already been shown to lower the synthesis of FDH-PMS activity (Schlindwein et al., 1990) and thus it may antagonize the inductive effect of TMAO. This study demonstrates that FDH-N can participate in respiration with TMAO in addition to its function with nitrate and nitrite. In contrast, the constitutive DMSO reductase present in all cases seems to play a relatively minor role in draining the electron flux from formate. This is clear from the fact that in the torA mutant which displays DMSO reductase activity, not only was the formate hydrogenlyase system no longer inhibited by TMAO, but also no growth enhancement was visible with TMAO ( Fig. 1) . In agreement with the minor contribution of DMSO reductase to the in vivo reduction of TMAO is the observation of Daruwala 8c Meganathan (1991) who found a similar growth rate and cell yield of the dms mutants and the wild-type strain after growth on glycerol supplemented with TMAO. However, studies with torA mutants have also shown that the DMSO reductase is sufficient to sustain growth on TMAO (Sambasivarao 8c Weiner, 1991) . Interestingly, enhancement by TMAO of FDH-Z synthesis, resulting from the elevated transcription of its relevant fdo structural operon (Tables 2 and 3), suggests that this enzyme might have a function in the transfer of electrons to TOR and substitute for a loss of FDH-N isoenzyme. However, since no repression of formate hydrogenlyase expression was observed in a fdnG mutant in which FDH-Z is expressed, formate oxidation via FDH-Z and TOR is likely to proceed with a low efficiency.
